Background: Rodent brown adipose tissue (BAT) is considered the main effector of adaptative thermogenesis as it contains a unique mitochondrial uncoupling protein, termed as uncoupling protein-1 (UCP1). The emergence of ectopic brown adipocytes in the white adipose tissue (WAT), called recruitment, might play an important role in the prevention of obesity. The recruitment phenomenon has until now been investigated mostly in vivo. Objectives: This study is an attempt to mimic in vitro the recruitment phenomenon. It consisted in culturing the stroma vascular fractions of mouse BAT and WAT in a brown adipocyte differentiation medium. The multilocular cells obtained, referred to as BAT B and WAT B adipocytes, respectively, were compared. Results: The BAT B and WAT B adipocytes were morphologically different. The expressions of UCP1, peroxisome proliferatoractivated receptor-g coactivator-1a (PGC-1a), leptin and resistin mRNAs were low in WAT B adipocytes as compared with those in BAT B adipocytes. The expressions of UCP1 and PGC-1a proteins were, however, much higher in WAT B adipocytes, amounting 51% and 36% of those in BAT B adipocytes. The patterns of expression of UCP1, PGC-1a and leptin in the BAT B and in WAT B adipocytes were different with a higher relative expression of PGC-1a in the latter. Rosiglitazone increased UCP1 mRNA expression 4.5-fold in the BAT B and significantly more, 7.9-fold, in the WAT B adipocytes. Retinoic acid and triiodothyronine increased UCP1 mRNA expression in the BAT B adipocytes 1.6-and 2-fold, respectively but, surprisingly, slightly decreased UCP1 mRNA expression in the WAT B adipocytes. Conclusions: The study suggests that the nature and possibly the origin of WAT brown adipocytes is different from that of BAT brown adipocytes. It proposes an in vitro approach that could prove very useful to better characterize the WAT brown adipocyte-like cells.
Introduction
Rodent brown adipose tissue (BAT) is considered the main effector of adaptive thermogenesis as it contains a unique mitochondrial uncoupling protein, termed as uncoupling protein-1 (UCP1). Adaptative thermogenesis is induced by a stimulation of the BAT sympathetic nervous system that, in turn, increases UCP1 expression and activity, mitochondriogenesis and the size and number of brown adipocytes.
1,2 The b-adrenergic control of UCP1 expression is mediated by the induction of peroxisome proliferator-activated receptor-g (PPARg) coactivator-1a (PGC-1a) and subsequent interactions of this factor with PPARg and receptors for the nuclear hormones retinoic acid and triiodothyronine (T3). 3, 4 Brown adipocyte-like multilocular cells, rich in mitochondria and expressing UCP1, were observed for the first time in a white adipose tissue (WAT) depot by Young et al. 5 The emergence of these ectopic brown adipocytes in the WAT, which was induced by cold acclimation in rats 6,7 and mice [8] [9] [10] was called recruitment. This phenomenon seems to play an important role in the ability of the b 3 -adrenoceptor agonist CL 316243 to prevent high fat diet-induced obesity in strains of mice, resistant to obesity. 10, 11 The hypothesis that the BAT and WAT brown adipocytes may originate from different precursor cells and display different characteristics has recently emerged in the literature. In the BAT, a study suggests that the brown adipocytes share a common origin with myocytes, but not with the white adipocytes. 12 In the WAT, on the contrary, two different studies suggest that the brown adipocyte-like cells share a common origin with the white adipocytes. HimmsHagen et al., 13 studying the effect of CL 316243 in rats, suggested that the brown adipocyte-like cells that appeared in the WAT derived, at least in part, from pre-existing unilocular adipocytes and called this phenomenon as transdifferentiation. Granneman et al., 14 studying the time course of WAT remodeling by CL 316243, reached the same conclusions. Eventually, Orci et al. 15 showed that hyperleptinemia in rats induces the transformation of white adipocytes into so-called post-adipocytes (or fat-oxidizing machines) containing a profusion of filamentous mitochondria and expressing increased levels of COX IV, UCP1 and PGC-1a. Coulter et al. 16 evaluated whether the quantitative trait loci controlling UCP1 expression also modulate PGC-1a expression levels, by analysis of backcross progeny from the A/J and C57BL/6J mouse strains, and found allelic variations modulating the expression of UCP1 and PGC-1a in the brown adipocyte-like cells of the WAT, but not in the brown adipocytes of the BAT. They concluded that fundamentally different regulatory mechanisms exist to control the thermogenic capacities of these tissues. Similarly, gene expression studies have shown specific responses to various stimuli of BAT brown adipocytes as compared with WAT brown adipocyte-like cells. In the BAT of b 3 -adrenoceptor knockout mice, UCP1 expression levels were normal at 24 1C as well as after 10 days of cold exposure, whereas in the WAT of the b 3 -adrenoceptor knockout mice, UCP1 expression levels and the density of multilocular cells were blunted at 24 1C and after a 10-day cold exposure as compared with wild-type mice.
17
The recruitment phenomenon has until now been investigated only in vivo. This study was an attempt to obtain mature adipocytes originating from BAT or WAT stroma vascular fractions and grown in primary culture under conditions favoring brown adipocyte differentiation. The classical white adipocyte medium described by Rodriguez et al., 18 contains a high (800 nM) concentration of insulin as well as dexamethasone, isobutyl-methylxanthine and the PPARg agonist rosiglitazone. The cells differentiating in this medium, display the key molecular markers and functions of mature white adipocytes and do not express detectable levels of the brown adipocyte marker UCP1. 18 In this study, we used to differentiate both the BAT or WAT stroma vascular fractions the medium described by Champigny et al., 19 which contains a low (20 nM) concentration of insulin, T3 and a b 3 -adrenoceptor agonist and was found to be optimal for brown adipocyte differentiation and UCP1 expression. Our hypothesis was that the brown adipocyte medium would induce the differentiation of the WAT stroma vascular cells in brown adipocytes-like cells displaying the features of the so-called brown adipocytes recruited in vivo in the WAT. The relative patterns of expression of key thermogenic and white adipocyte genes in the classical BAT brown adipocytes and in WAT-derived brown adipocyte-like cells as well as their responses to various stimuli were compared.
Materials and methods

Animals
Animals were treated in accordance with the Centre Médical Universitaire (Genève) Institutional Guidelines. They were housed individually and kept on a 12-h light-dark cycle in a temperature-controlled room at 24 1C. They were allowed ad libitum access to water and a standard laboratory chow.
Adipocyte primary culture
The interscapular BAT and epididymal WAT of 4-to 6-weekold male 129 Sv/ev mice were excised and their precursor cells isolated according to Rehnmark et al., 20 and cultured using a modification of the brown adipocyte differentiation medium described by Champigny et al. 19 This medium consisted in DMEM/F12 medium containing fetal bovine serum 10%, ascorbic acid 200 mM, insulin 20 nM, T3 0.2 nM, penicillin 100 U ml À1 and streptomycin 50 mg ml
À1
. In addition, from the second day on, 1 mM of the b 3 -adrenoceptor agonist, CL 316243 was added to the culture medium. Cells were cultured for 7-8 days, a period of time allowing full brown adipocyte differentiation.
Quantitative real time PCR Cell RNAs were prepared using the kit NucleoSpin RNAII (Clontech, Palo Alto, CA, USA). Oligo-dT primed first strand cDNA were synthesized using the Superscript II RNase H Reverse Transcription kit (Invitrogen, Carlsbad, CA, USA) and real-time PCR was performed using ABI rapid thermal cycler system and a SYBR Green PCR master mix. Cyclophilin A was used as a control to account for any variations because of the efficiencies of the reverse transcription and PCR. The oligonucleotide primers used were as follows:
UCP1 Glyceraldehyde phosphate dehydrogenase (GAPDH) upstream 5 0 -GAGGCCGGTGCTGAGTATGT-3 0 and downstream 5 0 -GGTGGCAGTGATGGCATGGA-3 0 , nucleotides 309-596 (NM _008084).
The upstream and downstream oligonucleotide primers were chosen on both sides of an intron to prevent amplification of possible contaminating genomic DNA.
Western blots
The cells were dissolved in 1 ml of RIPA buffer (150 mM NaCl, 1% Nonidet P-40, 0.5% Na deoxycholate, 0.1% sodium dodecyl sulfate and 50 mM Tris/HCl, pH 8.0) with a polytron. The western blots were performed as described earlier. 17 Protein concentrations were measured according to Lowry et al. 21 Exactly 50 mg of proteins were loaded on the gel.
UCP1 protein was detected using a 1/5000 diluted sheep anti-mouse UCP1 polyclonal primary antibody, generously provided by Dr D Ricquier (Meudon, France), and a 1/5000 diluted goat anti-sheep peroxidase-labeled secondary antibody (Sigma-Aldrich, St Louis, MO, USA). GAPDH protein was detected using a 1/500 diluted mouse anti-mouse GAPDH monoclonal primary antibody (Chemicon International, Inc., Temecula, CA, USA) and a 1/5000 diluted goat anti-mouse peroxidase-labelled secondary antibody (Bio-Rad, Hercules, CA, USA). The signals were detected by chemiluminescence using a standard ECL kit and developed on a Hyperfilm ECL film. Care was taken to avoid saturating the signals. The latter were quantified by scanning photodensitometry using ImageQuant Software 3.3 (Molecular Dynamics, Sunnyvale, CA, USA).
Statistical analysis
Data are expressed as means ± s.e.m. Significance was evaluated using the unpaired Student's t-test.
Results
The stroma-vascular fractions of mouse BAT or WAT were both cultured in a BAT differentiation medium. Both the BAT stroma vascular cells and the WAT stroma vascular cells grown in a BAT medium differentiated into multilocular cells referred to as BAT B and WAT B adipocytes, respectively. Figure 1 shows that BAT B and WAT B adipocyte populations were composed mostly (at about 80%) of differentiated multilocular adipocytes. The BAT B and WAT B adipocytes, however, were morphologically different. The WAT B were larger and more irregularly shaped than the BAT B . Furthermore, the lipid droplets of the WAT B were more heterogenous in size than those of the BAT B , some of them being reminiscent of the large droplets observed in the WAT in situ.
UCP1 is a hallmark of the brown adipocytes. 1 PGC-1a, which induces UCP1 expression, is present in the brown but not in the white adipocytes. 3 The expression of PGC-1a mRNA was low in WAT B adipocytes, amounting only 3.6% of that in the BAT B adipocytes. The relative expression of PGC-1a protein, however, was much higher in WAT B adipocytes, amounting 36% of that in the BAT B adipocytes (Figures 2a and b) . The relative expressions of the reference gene GAPDH mRNA and protein in WAT B amounted 106 and 79%, respectively, of those in the BAT B adipocytes (Figures 2a  and b) . In Figure 2c , representative protein signals are illustrated, showing that the quantification by scanning photodensitometry was performed below saturation.
Leptin and resistin are hallmarks of the white adipocytes, although they are also expressed in the brown adipocytes. [22] [23] [24] [25] Necdin, which inhibits brown fat differentiation, 26 is expressed at a higher level in proliferating brown than white pre-adipocytes, but at the same level in mature brown and white adipocytes. 27 As shown in Figure 3 , the WAT B adipocytes exhibited levels of leptin and resistin mRNA that were relatively low, amounting only 2.2 and 3.5%, respectively, of those in the BAT B adipocytes. In contrast, necdin and the reference gene cyclophilin A mRNA levels were similar in both the BAT B and the WAT B adipocytes (Figure 3 ). Using fixed coefficients to calculate the arbitrary units of each gene, the patterns of gene expression in BAT B and WAT B adipocytes can be compared. As shown in Figures 4a and b , the levels of expression of UCP1 and leptin mRNA were Brown adipocytes of the white fat in culture L Lehr et al comparable, being identical to each other in the two populations of cells, and PGC-1a mRNA was more expressed compared with UCP1 and leptin mRNA (about three-fold) in the WAT B but not in the BAT B adipocyte population. We then studied the effects of the PPARg agonist rosiglitazone, retinoic acid and T3 on UCP1 mRNA expression in the BAT B and in the WAT B adipocytes. As shown in Figure 5 , rosiglitazone increased UCP1 mRNA expression 4.5-fold in the BAT B and significantly more, 7.9-fold, in the WAT B adipocytes. Retinoic acid and T3 increased UCP1 mRNA expression in the BAT B adipocytes 1.6-and 2-fold, respectively. Surprisingly, these compounds did not stimulate, but even slightly decreased by 21 and 19%, respectively, UCP1 mRNA expression in the WAT B adipocytes.
Discussion
The stroma vascular fractions of mouse BAT and WAT grown in primary culture in a brown adipocyte differentiation medium were studied. At confluence, about 80% of the cells in both the BAT B and WAT B adipocyte populations were multilocular. Therefore, what was measured in this study was merely the level of gene expressions in differentiated adipocytes.
The mRNA levels of UCP1 and PGC-1a, two hallmark genes of the BAT, 1, 3 were much higher in the BAT B than in the WAT B adipocytes. Surprisingly, at the protein level, this large difference was markedly reduced. Indeed, UCP1 and PGC-1a proteins were quite high in the WAT B amounting to 51 and 36% of those in the BAT B . These results suggest that, in the BAT B cells, the translation efficiency of UCP1 and to a lower extent of PGC-1a mRNAs are relatively low. In former studies, it was found, in BAT primary culture, that the stimulation of UCP1 expression by norepinephrine and thiazolidinedione 28 or by the b 3 -adrenoceptor agonist CL 316243 29 was much higher at the mRNA than at the protein level. These data and those of this study might reflect, in brown adipocytes, which are characterized by a high level of UCP1 mRNA expression, a relative saturation of the translation system. A comparison of the amounts of GAPDH mRNA Brown adipocytes of the white fat in culture L Lehr et al and protein in BAT B and WAT B shows comparable translation efficiency in both types of cells, suggesting that the low translation efficiency of UCP1 and of PGC-1a mRNAs in BAT B cells is specific. The translational inhibitor, 4E-BP1, which has been shown to induce a preferential decrease in the translation of a subset of mRNAs including PGC-1a, 30 might play a role in the specificity of the phenomenon. The high relative expression of UCP1 protein in the WAT B cells show that the latter should be considered as brown adipocyte-like cells. In earlier studies, the stroma vascular cells of the Siberian dwarf hamster (Phodopus sungorus) BAT and WAT were grown in a BAT differentiation medium. 27, 29, 31 The approach was similar to ours but the conclusions were different as the cells differentiated from the WAT stroma vascular fraction were considered as white adipocytes. 27, 29, 31 These so-called white adipocytes, however, surprisingly, expressed a level of UCP1 protein amounting 20-25% of that in the brown adipocytes, 29 a level of the mitochondrial marker cytochrome oxidase IV similar with that of the brown adipocytes, 27 and showed a paradoxical inhibitory effect of dexamethasone on differentiation. 31 We, therefore propose that WAT stroma vascular cells grown in a brown adipocyte medium differentiate into brown adipocyte-like cells comparable to the so-called brown adipocytes recruited in the WAT in vivo.
In this study, the mRNA levels of the two hallmark genes of the WAT, leptin and resistin [22] [23] [24] [25] were also much higher in the BAT B than in the WAT B adipocytes. The relatively low expression of the brown and white adipocyte hallmark genes was not a general feature of the WAT B adipocytes as the levels of expression of necdin 27 and of the reference gene cyclophilin A were similar in both the BAT B and the WAT B adipocytes. Furthermore, the morphology of the BAT B and WAT B and their patterns of UCP1, PGC-1a and leptin mRNA expressions were different. Altogether, these observations point to a different nature and possibly origin of the two adipocyte populations. During the course of this study, Seale et al., 32 using a lineage-tracing technology in vivo, could show that brown adipocytes recruited in the WAT in response to b 3 -adrenoceptor stimulation have a different origin from classical BAT brown adipocytes. The conclusion of Seale et al. 32 is therefore in agreement with that of our study. Our in vitro cell culture model would be a good tool to characterize better the two types of brown adipocytes. Clearly, DNA microarray or proteomic analysis would be needed. The origin of the WAT brown adipocyte-like cells remains to be defined. It has been shown recently that the brown adipocytes originate from myoblastic progenitors in the BAT. 12 Transdifferentiation has been postulated to be a source of brown adipocyte-like cells in the WAT in vivo. of arbitrary values. The coefficients chosen to express the arbitrary value are the same as in Figures 2 and 3 . The data are normalized using the corresponding Cyclo A values. n ¼ the same as in Figures 2 and 3 . **Po0.025 vs leptin; ***Po0.005 vs UCP1. Brown adipocytes of the white fat in culture L Lehr et al adipocyte-like cells of this study could represent an early step of the transdifferentiation pathway.
Other differences between BAT B and WAT B adipocytes were showed by modulation studies. Surprisingly, the agents tested, rosiglitazone, retinoic acid and T3 affected UCP1 mRNA expression differently in BAT B and WAT B adipocytes. It has been shown that the administration of the PPARg agonist pioglitazone increases UCP1 expression in mouse BAT. 28 The results of our study show that rosiglitazone was more effective in WAT B than in BAT B adipocytes. They suggest that, in vivo, the PPARg agonists would be more efficient in inducing UCP1 expression in the WAT than in the BAT. The administration of retinoic acid increased UCP1 mRNA expression in mouse BAT, 33 and thyroid hormones were necessary for a full thermogenic and BAT UCP1 response to cold or to exogenous norepinephrine. 34, 35 The results of our study show that retinoic acid and T3 act only on BAT B . This observation suggests that, in vivo, BAT might be a privileged target for the induction of UCP1 expression by retinoic acid and T3. It has been shown that retinoic acid in vivo induces a recruitment of multilocular cells in mouse WAT, but stimulates more the expression of the oxidative enzymes than that of UCP1. 36 Altogether, the different modulation patterns of BAT B and WAT B adipocytes confirm a different nature of the two cell types. They are in agreement with the results of Coulter et al. 16 showing that fundamentally different regulatory mechanisms exist to control the thermogenic capacities of these tissues. The physiological importance of so-called brown adipocytes in the WAT is well documented. It has been shown in vivo that CL 316243 administration induces a higher recruitment of brown adipocytes in the WAT depots of obesity-resistant than of obesity-prone mice that is paralleled by a prevention of high-fat diet obesity of the former. 11 Furthermore, a strong correlation was found, in response to cold-exposure or CL 316243 treatment in various mouse strains, between body weight loss and UCP1 levels in the retro-peritoneal WAT. 10 Transgenic mice ectopically expressing UCP1 in their WAT displayed an increase in oxygen consumption in this tissue and were protected from genetic and dietary obesity. 37 Surprisingly, the mice displayed an atrophied BAT and were cold sensitive. 38 On the other hand, mice with a genetic ablation of their BAT were cold sensitive and obese. 39 This raises the possibility of distinct functions for brown adipocytes depending on their location in BAT or in WAT depots. BAT brown adipocytes might convey both cold-and obesity resistance whereas WAT brown adipocytelike cells might be associated only with obesity resistance. Our study shows that the stroma vascular fraction of mouse WAT, cultured in a BAT differentiation medium, differentiates into mature multilocular adipocytes expressing high levels of UCP1 and PGC-1a proteins. These brown adipocyte-like cells are different from genuine brown adipocytes. They consist of large cells with an irregular shape and heterogenous lipid droplets, display a high relative expression of PGC-1a and different responses of their UCP1 gene to rosiglitazone, retinoïc acid and T3. There is an abundant literature on the recruitment phenomenon, but only data collected in vivo have been reported so far. Our study is the first to propose an in vitro approach that could prove very useful to characterize better the origin and specific modulations of the WAT brown adipocyte-like cells.
